In order to define the cathodoluminescence (CL) properties of magmatic topaz and its relation with traceelement composition, we studied topaz phenocrysts from the Ary-Bulak ongonite massif, Russia using a wide array of analytical techniques. Scanning electron microscopy CL panchromatic images reveal strong variations, which define micrometre-scale euhedral growth textures. Several truncations of these growth textures occur in single grains implying multiple growth and resorption events. The CL spectra of both CLbright and -dark domains have a major peak in the near-ultraviolet centred at 393 nm. Cathodoluminescence images taken after several minutes of electron bombardment show decreasing emission intensity. Electron microprobe analyses indicate high F concentrations (average OH/(OH + F) = 0.04 calculated by difference, 100 wt.% -total from electron probe microanalyses), consistent with what has been found previously in topaz-bearing granites, and the OH stretching vibration (∼3653 cm −1 ) was detected in Raman spectra. Laser ablation inductively-coupled plasma mass spectrometry traverses performed across the CL textures detected trace elements at ppm to thousands of ppm levels, including: Fe, Mn, Li, Be, B, P, Nb, Ta, W, Ti, Ga, light rare-earth elements, Th and U. Lithium, W, Nb and Ta appear to be correlated with CL intensity, suggesting a role for some of these elements in the activation of CL in topaz. In contrast, no clear correlation was found between CL intensity and F contents, despite the fact that the replacement of OH for F is known to affect the cell parameters of topaz.
Introduction TOPAZ [Al 2 SiO 4 (F,OH) 2 ] is a typical mineral in F-rich, strongly fractionated magmas, which are emplaced at shallow depth, forming pegmatites and microgranites, or erupted as volcanic rocks (e.g. Payette and Martin, 1990; Thomas et al., 2009; London and Kontak, 2012; Thomas and Davidson, 2013) . Topaz typically crystallizes in the orthorhombic system (space group Pbnm), and its structure consists of SiO 4 groups linking octahedral zig-zag chains of Al [O 4 (F, OH) 2 ] parallel to the c axis. Four of the anions forming Al octahedra are oxygens, the other two are F or OH groups. In magmatic systems, topaz is stabilized in peraluminous, low-Ca compositions and at F contents of more than 2-3 wt.% (Congdon and Nash, 1988) , or more than 1 wt.% (Burt et al., 1982) . This type of magma is associated commonly with ore deposits including rare metals (e.g. Ta, Nb, W), Li, F, Sn and Mo (Burt et al., 1982; Manning and Hill, 1990; Taylor, 1992; Raimbault et al., 1995; Charoy and Noronha, 1996; Williams-Jones et al., 2000; Bradley and McCauley, 2013; Bastos Neto et al., 2014) , some of which are crucial in modern high-technology applications (U.S. Geological Survey, 2011; London and Kontak, 2012; Raw Materials Supply Group, 2014) .
Cathodoluminescence microscopy and spectroscopy have been applied as powerful methodologies to the earth and planetary sciences for several decades (e.g. Williams and Yoffe, 1969; Hayward, 1988; Pagel et al., 2000; Gucsik, 2009; Götze, 2012; and references therein) . CL can reveal crystallization textures that cannot be observed with other techniques such as optical microscopy and secondary electron or back-scattered electron imaging. In magmatic systems, CL can be used to identify zoning patterns, primary and secondary crystallization stages and resorption features in different minerals (Müller et al., 2000; Song and Yuan, 2009; Agangi et al., 2011; Vasyukova et al., 2013) . Despite recent studies (MacRae and Wilson, 2008; Song and Yuan, 2009; Correcher et al., 2011) , the luminescence characteristics of natural topaz are still poorly understood. In a pioneering study, Gaft et al. (2005) investigated Mn, V, Cr and Ti as activator elements in laser-induced luminescence of topaz samples by time-resolved spectroscopy. They found that Cr 3+ plays a key role as a CL colour centre not only in yellow but also in red luminescing topaz. Neutron and gamma-ray irradiation are known to modify colour centres of topaz enhancing the blue colour (da Silva et al., 2005; Krambrock et al., 2007; Zhang et al., 2011) . Luminescent centres in topaz and their assignment are summarized in Table 1. A better knowledge of the geochemical and luminescence properties of topaz may lead to its application to the study of magma evolution, similarly to what has been attained for quartz (e.g. Götze et al., 2001; Müller et al., 2002; Breiter, 2009) . For example, it has been shown recently that trace-element zoning and related CL variations can be used potentially as a proxy for trace-element fluctuations in the parent melt during topaz crystallization (Agangi et al., 2014) .
In order to better define the CL properties of magmatic topaz and their relation to the traceelement composition, we studied a sample of Frich, topaz-phyric rhyolite (known as ongonite) from the central part of the Ary-Bulak massif (sample AB1). The CL, microchemical and microtextural characteristics of the sample have been studied with a multiple approach, which includes optical microscopy, back-scattered electron (BSE) and CL modes of scanning electron microscopy (SEM), laser ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS), micro-Raman spectroscopy and Fourier-transform infrared spectroscopy (FTIR).
Geological setting and sample description
The 142 ± 0.7 Ma old (Kostitsyn et al., 1996) AryBulak massif forms a laccolith, 700 × 1500 m in size, intruding Late Jurassic to Early Cretaceous shales and limestones of the Ust'-Boryza Formation and basalt (Kovalenko and Kovalenko, 1976; Antipin et al., 2009; Peretyazhko and Savina, 2010a) . The massif is concentric with a centre Badanina et al., 2006) . Complex assemblages of quartz-and topaz-hosted silicate-melt inclusions and immiscible saline fluids, brines and fluoride melts have been described and analysed in several studies (Peretyazhko et al., 2007; Peretyazhko and Savina, 2010a,b; Agangi et al., 2014) . Sample AB1 is a porphyritic rock with phenocrysts of smoky quartz, K-feldspar, Na-plagioclase, topaz and mica (Fig. 1a) embedded in quartzfeldspar-topaz groundmass. All the minerals are very fresh, feldspar and topaz are water-clear and there is no sericite alteration. Topaz forms euhedral, colourless, prismatic and locally splinter-shaped, phenocrysts up to 1-2 mm long. Topaz phenocrysts contain abundant inclusions of feldspar, aggregates of Nb-Ta-W oxide (W-ixiolite to tantalitecolumbite), mica, round grains of quartz and elongate-to-irregular grains of cryolithionite [Na 3 Li 3 Al 2 F 12 ]. A detailed sample description is given in Agangi et al. (2014) .
Analytical techniques

Cathodoluminescence (CL)
Panchromatic SEM-CL images were obtained using a Tescan Vega 3 electron microscope equipped with a CL detector at the Spectrum Centre of the University of Johannesburg. The accelerating voltage was 20 kV.
Cathodoluminescence colour imaging was carried out using a Luminoscope (ELM-3R) consisting of a cooled charge-coupled device (CCD) camera, a cold cathode discharge tube and a vacuum chamber at Okayama University of Science, Japan. This was operated with electron beams generated by excitation voltage of 10 kV and beam current of 0.5 mA at vacuum conditions, i.e. <100 Torr. A magnet was used to control the diameter of the electron beam spot at 3 µm size on the sample surface. CL images were converted to digital data using the Nikon imaging system (DS-5Mc).
A SEM-CL system installed at Okayama University of Science, Japan provided the CL spectral measurements for this study. This system contains a SEM (JEOL: JSM-5410LV) combined with a grating monochromator (OXFORD: Mono CL2), having a retractable parabolic mirror coated with aluminum (collecting efficiency of 75%). The CL was dispersed by a grating monochromator with the following characteristics: 1200 grooves/mm, a focal length of 0.3 mm, F of 4.2, limit of resolution of 0.5 nm and slit width of 4 mm at the inlet and outlet. Cathodoluminescence spectral data in the wavelength range 300-800 nm were recorded by a photon counting method using a photomultiplier tube (Hamamatsu: R2228) and converted to digital data. Further details of the CL equipment and analytical procedure can be found in Kayama et al. (2010) . Corrected CL spectra in energy units were deconvoluted into the Gaussian components corresponding to each emission centre. Peak Analyzer software in OriginPro 8J SR2 was used for the correction and deconvolution of each emission centre.
Electron probe microanalyses (EPMA)
Electron probe microanalyses (EPMA) of topaz phenocrysts were carried out with a four WDS spectrometer-equipped Cameca SX100 electron microprobe at the Spectrum Centre. Beam current of 10 nA, accelerating voltage of 10 kV and 10 µm spot size were used in order to limit element diffusion. A set of natural minerals, including fluorite, Na-pyroxene, olivine, almandine, diopside, K-feldspar, wollastonite, halite, apatite, hematite and rutile, were used as reference materials. Elements were analysed for 10 to 30 s on-peak and off-peak. The FKα line was analysed on a dedicated spectrometer with a PC1 crystal (2d = 60.946 Å). Detection limits, estimated from counting statistics, were between 200 and 500 ppm for most elements, except Fe (800 ppm) and F (1000 ppm).
Laser ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS)
Trace-element compositions of topaz phenocrysts were investigated using a Coherent CompEX solid state, 193 nm laser and an Agilent 7700 quadrupole mass spectrometer at Curtin University. Ablation was performed at 10 Hz repetition rate, 50 µm spot size and ∼6 J/cm 2 fluence. During the analyses, 20 s of background acquisition were followed by 30 s ablation. Additional lines were measured across the growth textures, using 100 s ablation at 4 µm/s speed, corresponding to traverses ∼400 µm long. Thirty elements have been monitored, including Li, Mg, Al, Si, P, Na, K, Ca, Ti, V, Cr, Fe, Ga, Mn, Nb, Ta, W, Sn, La, Ce, Nd, Sm, Gd, Tb, Yb, Lu, Y, Pb, Th, U. Quantification of element concentrations was obtained using glass NIST 610 as reference material and assuming stoichiometric abundance of Al in topaz, which was used as the element of known concentration, or 'internal standard'. Glass BCR-2 g was measured as a secondary standard. Additional line scans have been performed across CL textures. For these scans, ablation was performed at 10 Hz repetition rate, 30 µm spot size and 3.5 J/cm 2 fluence, and the sample was moved at 3 µ/s for 100 s, resulting in 300 µm long lines.
Raman spectroscopy
In situ, non-destructive Raman analyses of topaz were performed with a confocal laser Raman microscope (WITec alpha300R) at the Department of Geology, University of Johannesburg. The spectral range of the spectrometer is 100-4400 cm −1 . Raman spectra were collected using 20× and 100× Nikon objectives and a frequency doubled Nd:YAG (532 nm) Ar-ion 20 mW monochromatic, non-polarized laser source. Beam centring and Raman spectra calibration were performed daily before spectral acquisition using a Si standard (111). The laser power was set at ∼25 mW. Raman spectra were compared with reference spectra from the RRUFF Database (Downs, 2006) and spectra from the literature. Raman maps of portions of crystals have been obtained by collecting consecutive spectra at 1-2 µm spacing.
Fourier transform infrared spectroscopy (FTIR)
The FTIR spectroscopic investigation of the selected topaz grains was carried out by using a Nicolet continuum infrared microscope at the Okayama University of Science, Okayama, Japan. This instrument contains Köhler illumination for reflection and transmission, 4×, 10×, 20× and 40× visible objectives as well as wide and mid-band MCT-detectors providing good spectral resolution. The wavenumber range is from 0 to 4000 cm −1 .
Results
Cathodoluminescence (SEM-CL panchromatic images, colour optical images and spectral measurements)
Panchromatic SEM-CL images of topaz phenocrysts show marked brightness variations, defining euhedral to lobed growth textures. In several cases, CL-bright zones follow, or are followed by truncation of growth textures ( Fig. 1) . A prominent feature in CL images is represented by a rim, up to ∼100-200 µm wide, which contains abundant quartz inclusions (Fig. 1 ). This rim, particularly well-developed on pyramidal facets rather than prisms, represents a late overgrowth and is separated from crystal cores by a commonly rounded surface truncating growth textures. In several grains, this overgrowth includes a dominantly CL-bright discontinuous layer of topaz, which immediately follows the truncation contact (Fig. 1a, c,e). This CL-bright layer has a smooth internal contact, and a mostly lobed, strongly anhedral external margin. Round quartz inclusions, up to a few tens of µm across, are distributed along growth textures in the topaz grain rims. These round quartz inclusions resemble quartz crystals in the groundmass ( Fig. 1 ). The cores have strong CL-zoning defining mostly euhedral growth textures and, in some cases, show prominent CL sector zoning ( Fig. 1c ,e, cf. Akizuki et al., 1979) . CL images taken after exposure to the electron beam (e.g. after EPMA) show darker areas demonstrating the timedependent nature of this luminescence (Fig. 1e ).
Optical CL colour images of the topaz crystals exhibit a blue emission with variable intensity. Textures defined by these variations match SEM-CL images (Fig. 2) , although in some cases bright domains in SEM-CL appear darker in optical images and vice versa. All analysed CL spectra have a major emission in the near-ultraviolet to visible range (blue emission) with a peak at ∼393 nm (3.16 eV, Fig. 3 ) and another band at shorter wavelength in the near-ultraviolet region, which extends beyond our observation range. The blue emission is broad and has a full width at half maximum of ∼0.8 eV. This is in agreement with the optical CL images showing an intense blue luminescence. Dark and bright domains are characterized by the same peaks and are distinguished only by moderate differences in intensity.
Chemical zoning (EPMA and LA-ICP-MS)
Major-and minor-element chemical zoning was studied with EPMA traverses across CL zones. Overall, EPMA indicates high contents of F (20.7-22.3 wt.%, Table 2 ). The rims, as defined by CL images, are slightly enriched in F compared with the cores (mostly F ≥ 21.5 wt.%, Fig. 4 ). Small amounts of P (up to 0.1 wt.%) were measured in the cores, and analyses with P above the detection limit (200 ppm) have broad negative correlation with Si.
Recalculations based on two Al atoms per formula unit (apfu) indicate a slight Si deficiency (Si = 0.97-0.99 apfu) and slight F excess, even in the cores (cores F = 2.03-2.16, rims F = 2.10-2.17 apfu). Totals are between 99.3 and 101.0 wt.%. Although the recalculations suggest total saturation of the OH site by F, totals <100 wt.% allow the presence of a small amount of water in topaz (OH/(OH + F) ≤0.05, or 5% replacement of F by OH).
The trace-element contents of topaz phenocrysts have been analysed along traverses across the growth textures identified by CL images using LA-ICP-MS. The analyses (Table 3 ) indicate significant compositional variations between growth zones. The phenocryst rims tend to be enriched in several trace elements in comparison with the cores (Fig. 4c,d ). The highest concentrations of trace elements were measured for Ca, Na, Fe and P, which are present at 10 2 to 10 4 ppm levels. Lithium and Ga are present at ppm to tens of ppm levels. Elements such as Nb, Ta and W are present in variable concentrations, mostly at the 10
to 10 2 ppm levels. Cores contain average Nb and W concentrations of 1.2 and 1.6 ppm, respectively, compared with 4.5 ppm Nb and 4.3 ppm W in the rims. The CL-bright areas tend to have higher concentrations of Li, Nb, Ta, W and Ga (Fig. 5) , and are correlated positively with each other (Fig. 4c,d ). (Fig. 6) , which have also been described by Beny and Piriou (1987) , Kloprogge and Frost (2000) and Skvortsova et al. (2013) . Most of these peaks have been assigned to various modes of vibration of SiO 4 tetrahedra, AlO 6 octahedra and Al-F, whereas a few peaks already observed at 243, 526 and 644 cm −1 (e.g. Griffith, 1969; Skvortsova et al., 2013 ) are yet to be interpreted. A broad peak with variable intensity at ∼1117-1120 cm −1 may be due to epoxy contamination. A narrow peak was observed at ∼3653 cm −1 , corresponding to the OH stretching vibration (Kloprogge and Frost, 2000) . In addition, spectra collected in different portions of phenocrysts show variable background. In particular, spectra collected in proximity of the core-rim boundary show intense fluorescence in the medium-high frequency range (>1200-1500 cm
−1
). Raman maps reveal that high background fluorescence is distributed along growth textures corresponding to CL-bright zones, implying a strong textural control (Fig. 7) .
FTIR
The IR spectra of selected topaz grains (a total of 14 spectra) show almost the same spectral features, which are summarized in Fig. 8 . In all the analysed points there is a major absorbance (at ∼65%) between 875 and 1100 cm −1 (Fig. 8, point a) . This broad peak is related to the SiO 4 tetrahedral stretching vibrational modes. A weak absorbance is shown in spectral regions from 1500 to 1800 cm −1 , as well as from 2250 to 2400 cm −1 (Fig. 8 , points b and c), which might be related to stretching and bending modes of SiO 4 tetrahedra and Al(OH,F) 2 O 4 octahedra. In addition, a relatively weak absorbance (∼95%) at ∼3750 cm −1 is assigned to the OH-stretching mode (Fig. 8, point d) . However, the F-OH relationship and its IR properties cannot be interpreted in these topaz samples.
Discussion
Basics of CL emission
A CL emission is an optical phenomenon, which produces photon emissions in the visible light, near-ultraviolet and near-infrared ranges due to the Analysis AB1_46 AB1_47 AB1_09 AB1_12 AB1_13 AB1_19 AB1_20 AB1_27 AB1_39 AB1_40 AB1_41 AB1_49 AB1_50 interaction between a high-energy electron beam and a solid surface (e.g. Marfunin, 1979; Yacobi and Holt, 1990; Waychunas, 2014 and references therein) . As a first approximation, luminescence can be grouped into two types: (1) intrinsic CL, which is induced by vacancies, poor ordering, radiation damage, shock damage, such as structural imperfections characterizing the material; and (2) extrinsic CL, which is created from luminescence centres such as impurities (activators) (Marshall, 1988; Remond et al., 1992) . Elements present as impurities can be classified, according to their effect on CL emissions, as activators, quenchers or neutral (i.e. not affecting luminescence).
In addition, the luminescence of an ion will depend on the interactions with other components in the mineral lattice, its position in the crystal, and on the crystal field (Burns, 1993; Götze, 2012) . If the influence of the crystal field is weak, the resulting luminescence emission is characterized by narrow emission lines, whereas if the electron transitions take place in energy levels that are influenced by the local crystal field, luminescence emission spectra show relatively broad bands (Götze, 2012) . As a consequence, the luminescence emission of each activator element varies from mineral to mineral and is specific for the crystal structure of the host crystal (Götze, 2012) . Thus, incorporation of trivalent REE at trace concentrations in quartz results in emissions with characteristic sharp peaks, due to the low level of interaction between the impurity and the host lattice (Götze et al., 2004; Correcher et al., 2011) . Incorporation of transition metals in quartz and topaz results in somewhat broader luminescence peaks, as the partially filled 3d electron shells are comparatively less shielded by the external 4s shell (e.g. 2.95 eV emission of Ti in quartz, Müller et al., 2002) . In contrast, structural defects cause wide luminescence peaks, due to the high level of interaction with the host mineral (Stevens-Kalceff, 2009).
Major element (F-OH) substitutions and traceelement uptake mechanisms of topaz
Topaz in magmatic rocks tends to have lower OH/ (OH + F) than metamorphic or hydrothermal topaz. Al* 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 Al* 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 296,700 Replacement of OH/(OH + F) by up to 0.3 (F 1.4, OH 0.6 apfu, or replacement of F by OH up to 30%) has been measured in hydrothermal deposits (Barton, 1982) , and OH/(OH + F) = 0.35-0.55 (35-55% F-OH replacement) has been reported from the ultra-high pressure metamorphic Sulu terrane, China (Zhang et al., 2002) , whereas topaz from granite in the Krušné Hory/Erzgebirge area has lower OH/(OH + F) of ∼0.05 (or OH = 0.1 apfu) (Breiter et al., 2013) . The EPMA carried out as part of this study indicates high F concentrations, and even an apparent F-oversaturation (a pure F topaz would contain 20.65 wt.% F). Fluorine contents larger than this value may be due to an analytical artefact (F contents may be affected by grain orientation (e.g. Ottolini et al., 2000) , although mild analytical conditions (low beam intensity, defocused beam) were used to minimize element diffusion under the electron beam during analysis. Despite the presence of OH, as detected by Raman spectroscopy, the near-pure composition of topaz [Al 2 SiO 4 F 2 ] measured in this study (OH/(OH + F) ≤0.5) is consistent with a magmatic origin. Variable concentrations of P (up to 1 wt.%), and Fe (31-1296 ppm), Ge (26-104 ppm), Sc (2-12 ppm), Sn (1-30 ppm) and Ga (2-29 ppm) were measured in topaz from granites in the Krušné Hory/ Erzgebirge area (Breiter et al., 2013 ) at tens to hundreds of ppm levels have been detected by EPMA and electric paramagnetic resonance (EPR) in gem-quality topaz from Ouro Preto, Brazil (Schott et al., 2003) . Wasim et al. (2011) analysed a large number of elements by K 0 -INAA in topaz from Pakistan, including Mn, Fe and Na at hundreds to tens of thousands of ppm levels, As, Br, light REE, Co, Cr, Cs, Ga, Ge, Hf, Rb, Sb, Sc, Th, U, Zn at ppm to tens of ppm levels, and Ta, W and heavy REE, mostly at sub-ppm levels, although these authors do not specify the origin of these topaz crystals. Hervig et al. (1987) analysed Li and B in topaz from rhyolites of the North American Cordillera by ion probe, and found that topaz in volcanic rocks has higher Li and B than topaz from hydrothermal and metamorphic environments.
The smooth time-resolved LA-ICP-MS signals in our analyses suggest that trace elements are incorporated in the mineral structure, rather than in discrete inclusions. Based on simple charge balance considerations, replacement of Si by other cations in the 4+ oxidation state (e.g. Ti, V, Ge), and replacement of Al 3+ by 3+ cations (Ga, Fe, Mn, REE) seem plausible (e.g. Northrup and Reeder, 1994; Wunder and Marler, 1997; Gatta et al., 2006 ) has been proposed (Breiter et al., 2013) . A weak negative P -Si correlation in our EPM analyses seems to indicate the same type of substitution (Fig. 4b) (Cohen, 1960) .
Cathodoluminescence properties of topaz
In terms of the energy states between conduction and valance bands of the excited electrons in the sample, topaz is a wide band-gap insulating mineral (∼10 eV; Priest et al., 1987) . This band gap is wide FIG. 6 . Example of a Raman spectrum of topaz. The spectrum was acquired in a section almost parallel to the c axis. Peak assignments (Beny and Piriou, 1987; Fukumi and Sakka, 1988; Kloprogge and Frost, 2000; Wunder and Marler, 1997; Skvortsova et al., 2013 and (480 nm) of the spectrum of natural topaz at low temperature and a minor emission in the red region (650-700 nm). These authors noted a strong dependence of both emissions on temperature, and attributed the low frequency (red) emission to impurities, and the high-frequency (blue) emission to structure defects. Gaft (2005) reported a laserinduced blue emission in natural topaz centred at 455 nm and attributed it to the presence of Ti. These emissions are higher than the main emission found in our study, although the correction made on our measurements could be at least in part responsible for this difference (e.g. Kayama et al., 2010) .
We interpret the emission centre at 393 nm in the blue region of the electromagnetic spectrum of topaz found in this study as being due to intrinsic luminescence centres, which should be assigned to point defects. The recombination centres occur close to the conduction band providing relatively low-wavelength emissions at around the near UV range such as the one observed here. According to Remond et al. (2000) , broad featureless CL spectra are generally related to point defect centres including vacancies as well as interstitial clusters. Priest et al. (1987) identified diamagnetic point defect centres by electron spin resonance (ESR) spectroscopy in topaz, where the defect is an interstitial oxygen atom in the form of a peroxy radical (=Si-O-O). Priest et al. (1991) observed blue luminescence during electron bombardment of topaz, and tentatively attributed this emission to the peroxy radicals. More recently, Correcher et al. (2011) analysed topaz samples from Badajoz (Spain) at low temperature; they described defectrelated bands in the blue region of the electromagnetic spectrum, which they attributed to the (AlO 4 )o and (H 3 O 4 )o centres. These mechanisms are possible in our samples, although they cannot be ascertained using our dataset.
Alternatively, the major-and trace-element replacement may be responsible for the formation of point defect centres. The replacement of OH for F is known to affect the optical and structural properties of topaz, and cell parameters a and b have a negative linear correlation with the F concentration that results in geometry change (from space group Pbnm to Pbn2 1 ) at F replacement >50% (Wunder et al., 1993; Zhang et al., 2002; Alberico et al., 2003; Schott et al., 2003) , thus potentially affecting the luminescence properties. Expected changes of luminescence properties may include wavelength shift, changes in emission band width and peak appearance or disappearance, and changes in the emission mechanisms may be induced by the way this substitution modifies the effect of the activator or defect responsible for the emission. However, no clear correlation was found between total F content in EPM analyses and CL intensity in the samples we studied. This suggests that the replacement of F for OH does not affect CL emissions in our samples. It is also worth noting that our samples have high F contents (F ≥ 20.7 wt.%), which would result in minor structural changes, according to Alberico et al. (2003) , and that an effect of CL at higher degrees of F-OH replacement cannot be ruled out.
The (Müller et al., 2000; Krambrock et al., 2007) . The correlation found between trace-element contents (especially Li, Nb, Ta and W) and CL suggests that a similar mechanism may be involved in our samples. In addition, the altervalent substitution will have a strong influence on the local electronic structure of the crystal structure, thus potentially affecting CL emissions. Altervalent replacement of cations can bond excited electrons, thus forming a trap (Waychunas, 2014) . In quartz, a CL emission at ∼380-390 nm has been attributed to [AlO 4 , an altervalent substitution that entails replacement of Si by Al in the tetrahedra and a monovalent cation to balance the charge (e.g. Alonso et al., 1983; Perny et al., 1992; Götze et al., 2001; Kayama et al., 2010) .
The interplay between petrological processes and CL
The rims of topaz phenocrysts overgrew an anhedral, round surface that truncates growth textures in the cores, suggesting a resorption event followed by further crystal growth. The phenocryst rims have very bright CL anhedral zones associated with high trace-element concentrations, especially Nb, Ta, W and Li (Figs 1, 2 and 5 ). These domains also have a characteristic Raman response, with a very high background (Fig. 7) . It is known that fast crystal growth enhances the non-equilibrium uptake of trace elements and results typically in anhedral growth textures (e.g. Watt et al., 1997; Gabitov et al., 2008) , and the accumulation of lattice defects. In our samples the intense CL and 'anomalous' Raman properties described above may have been caused by such processes of rapid growth and lattice defect accumulation. The entrapment of finegrained quartz crystals (Fig. 1) suggests that the rims grew together with the groundmass, which forms typically at high levels of undercooling (supersaturation) and nucleation rate, possibly as a consequence of magma eruption, or emplacement at shallow crustal levels.
Implications
The textures and chemical zoning of topaz record valuable information on the evolution of F-rich magmas. However, in order to use the CL of topaz as a reliable petrological indicator, its properties (e.g. trace-element dependence) must be better understood. In our study, we found that SEM-CL images of magmatic topaz indicate domains with varying emissions, indicating episodes of crystal growth and resorption. Colour CL images and CL spectra indicate that CL-dark and -bright areas are both characterized by blue emissions, and have a broad peak in the near-ultraviolet to visible range centred at 393 nm. Elements such as Cr , which have been indicated previously to cause CL in topaz (Gaft et al., 1998 (Gaft et al., , 2005 have not been found to be effective CL activators in our samples. Instead, comparison between CL images and traceelement concentrations obtained by EPMA and LA-ICP-MS indicates a correlation between the concentrations of Nb, Ta, W, Li and Ga and CL intensity. Further, CL emission is highest in discontinuous rims characterized by high traceelement contents (Nb, Ta, W, Li, Ga, REE) and high background in Raman spectra.
Although we could not assign the CL peaks unambiguously to specific emission centres in our samples, it is likely that the substitution of trace elements in the structure of topaz caused point defect centres in the form of a lattice distortion and altervalent replacement that caused luminescence. This hypothesis is supported by the correlation between Nb, Ta, W, Li and Ga with CL intensity in our samples (Fig. 5) . Based on similar CL emissions in quartz, their intrinsic point defect centres, such as peroxy radicals, are additional possible mechanisms for the CL observed in our samples. Our results suggest that the intake of impurities, with consequent distortion of the mineral lattice and modification of the local electronic structure, may be responsible for the increase of CL intensity of topaz. More studies, such as electron energy loss spectrometry (EELS) as well as electron spin resonance (ESR) are necessary to fully understand the nature of trace-element uptake and the controls on the CL emission of topaz, which remain essentialy unknown (MacRae and Wilson, 2008) .
